To clarify the role and regulation of eosinophils, we subjected several key eosinophil-related genetically engineered mice to a chronic model of allergic airway inflammation aiming to identify results that were independent of the genetic targeting strategy. In particular, mice with defects in eosinophil development (⌬dbl-GATA) and eosinophil recruitment [mice deficient in CCR3 (CCR3 knockout) and mice deficient in both eotaxin-1 and eotaxin-2 (eotaxin-1͞2 double knockout)] were subjected to Aspergillus fumigatus-induced allergic airway inflammation. Allergen-induced eosinophil recruitment into the airway was abolished by 98%, 94%, and 99% in eotaxin-1͞2 double knockout, CCR3 knockout, and ⌬dbl-GATA mice, respectively. Importantly, allergen-induced type II T helper lymphocyte cytokine production was impaired in the lungs of eosinophil-and CCR3-deficient mice. The absence of eosinophils correlated with reduction in allergen-induced mucus production. Notably, by using global transcript expression profile analysis, a large subset (29%) of allergen-induced genes was eosinophil-and CCR3-dependent; pathways downstream from eosinophils were identified, including in situ activation of coagulation in the lung. In summary, we present multiple lines of independent evidence that eosinophils via CCR3 have a central role in chronic allergic airway disease.
A sthma is a chronic inflammatory disease involving an eosinophil-rich infiltrate that has been linked with lung remodeling (1, 2) . Although not completely specific for inhibiting murine eosinophils, blockade or deletion of IL-5 improves multiple markers of lung remodeling associated with reduced levels of eosinophil-derived TGF-␤ 1 in experimental asthma (3, 4) . Furthermore, studies of two distinct strains of mice specifically deficient in eosinophils have suggested that eosinophils are an integral part of experimental asthma, yet they reported different results regarding the contribution of eosinophils (5, 6) . Collectively, these results draw attention to the need to identify critical pathways involved in the recruitment and activation of eosinophils in the asthmatic lung, as well as the mechanism by which eosinophils contribute to disease. Early results with two different humanized antibodies against human IL-5 have revealed that this strategy does not effectively deplete tissue eosinophils in the asthmatic lung (7) (8) (9) . As such, there is a pressing need to develop new approaches to block eosinophils in the asthmatic lung.
Although chemokines are notorious for stimulating several receptors, the eotaxins are unusual in that they signal through a single chemokine receptor CCR3 (now designated CD193), a receptor abundantly expressed on eosinophils (10, 11) . Recent studies have demonstrated that CCR3 gene deletion impairs eosinophil recruitment in acute models of experimental asthma (12) (13) (14) . It remains unknown whether CCR3 is a dominant pathway in chronic models of allergic airway inflammation. The contribution of CCR3 toward other important asthma parameters, including mucus production, has not yet been addressed.
In this study we elucidate the role of eosinophils in experimental allergic airway inflammation in a chronic model induced by repeated intranasal doses of the natural aeroallergen Aspergillus fumigatus rather than ovalbumin (OVA). We examined several independent genetically altered mouse lines with defects in eosinophil development or recruitment aiming to identify pathways downstream from eosinophils in multiple systems (5, 12, 14) . Our results definitively identify a central role for eosinophils in regulating multiple aspects associated with allergic lung inflammation, draw attention to the therapeutic potential of anti-eosinophildirected therapeutics, and identify numerous eosinophil-associated pathways that deserve further attention.
Results

CCR3 and Its Ligands Regulate Pulmonary Tissue and Airway Eosino-
philia. Allergen-induced bronchoalveolar lavage fluid (BALF) eosinophilia was profoundly inhibited (Ͼ94%, P Ͻ 0.0001) in mice deficient in CCR3 or eotaxin-1͞2 and in the ⌬dbl-GATA mice compared with WT mice (Fig. 1A) . Allergen challenge resulted in a marked increase in peribronchial and perivascular eosinophils in WT mice ( Fig. 1 B-D) . There was a dramatic reduction in eosinophil accumulation in peribronchial (90 Ϯ 9% and 84 Ϯ 14%; mean Ϯ SD) and perivascular (95 Ϯ 2% and 83 Ϯ 8%) lung tissue in both eotaxin-1͞2 double knockout and CCR3 knockout (KO) mice, respectively, compared with allergen-challenged WT mice ( Fig. 1 B-D) . Examination of ⌬dbl-GATA mice revealed lung tissue essentially devoid of eosinophils, as measured by the absence of major basic protein-positive cells (data not shown). These results demonstrate a critical role for CCR3 and its ligands in allergeninduced pulmonary eosinophilia despite the induction of other chemoattractant mediators. Indeed, cysteinyl leukotrienes were detectable in lung homogenates from both WT and CCR3 KO allergen-challenged mice (175 Ϯ 2.3 and 174 Ϯ 2.1 pg͞ml, respectively; n ϭ 8 mice per group).
Allergen-Induced Leukocyte Recruitment in Genetically Engineered
Mice. Total BALF cells recovered from the airways of allergenchallenged WT mice were significantly increased (Ϸ20-fold) compared with saline controls (101 Ϯ 28.8 ϫ 10 4 vs. 5.8 Ϯ 3.6 ϫ 10 4 , respectively, representative of three experiments). Cell recruitment into the airway in response to allergen challenge was dramatically impaired in the absence of eotaxin-1͞2 or CCR3 expression (68 Ϯ 22 and 77 Ϯ 4%, respectively; n ϭ 3 experiments each). Cell accumulation into the airways of ⌬dbl-GATA mice was also reduced (59 Ϯ 20%, P Ͻ 0.0001; n ϭ 2 experiments). We next examined the effect of dbl-GATA, eotaxin-1͞2, and CCR3 deficiency on allergen-induced chemoattraction of other cell types. Lymphocyte and macrophage accumulation into the airway in response to allergen challenge was unchanged in the eotaxin-1͞2 double knockout mice, compared with the WT control mice (data not shown). Allergen-induced mononuclear cell recruitment was significantly reduced (53%) in the CCR3 KO mice; specifically, macrophages (20.5 Ϯ 5 ϫ 10 4 vs. 9.6 Ϯ 3 ϫ 10 4 , P Ͻ 0.0001) and lymphocytes (4.5 Ϯ 2 ϫ 10 4 vs. 1.0 Ϯ 0.8 ϫ 10 4 , P Ͻ 0.0001) were reduced (77%) compared with WT control mice. Notably, no CCR3 was detected on the surface of CD3 ϩ or CD19 ϩ lymphocytes from the spleen or lungs of allergen-challenged mice, suggesting that the decrease in lymphocyte accumulation in the airway is an indirect result of CCR3 deficiency on eosinophils (data not shown).
Analysis of the ⌬dbl-GATA mice revealed a reduction (50%) in lymphocyte recruitment (2.5 Ϯ 1.4 vs. 5.0 Ϯ 2.3 ϫ 10 4 , P Ͻ 0.02, n ϭ 3 experiments) and an increase (Ϸ3-fold) in airway neutrophilia compared with WT controls (19.2 Ϯ 11.5 vs. 6.7 Ϯ 6.5 ϫ 10 4 , P Ͻ 0.02, n ϭ 3 experiments). Some of the neutrophilic granulocytes contained nuclei more typical of eosinophils (Fig. 1E) . These neutrophil͞eosinophil-like cells were increased in the airways of allergen-challenged ⌬dbl-GATA mice compared with WT mice (2.2 Ϯ 0.9% vs. 7.6 Ϯ 1.5% of BALF cells from WT and ⌬dbl-GATA mice, respectively, P ϭ 0.04, n ϭ 7-10 mice per group combined from two independent experiments). FACS analysis on BALF cells from allergen-challenged WT and ⌬dbl-GATA mice identified a population (Ϸ10%) of granulocytes in the ⌬dbl-GATA mice that expressed high levels of CCR3 and Siglec-F (Fig. 1F) . In WT mice, 90% of the BALF granulocyte cells were CCR3-and Siglec-F-positive.
Eosinophils and CCR3 Regulate Allergen-Induced Cytokine Production.
To investigate whether the decrease in eosinophils in the airway of CCR3-deficient and ⌬dbl-GATA mice was associated with an impaired T helper lymphocyte type II (Th2) response, we first examined pulmonary levels of Th2 cytokines, including IL-4, IL-5, and IL-13. CCR3-deficiency resulted in impaired IL-4 (84%, 50.2 Ϯ 19 vs. 8 Ϯ 2.3 pg͞ml, P ϭ 0.002, representative of two experiments) and IL-13 (33%, 148.4 Ϯ 41.9 vs. 98.9 Ϯ 17.7 pg͞ml, P ϭ 0.008, representative of two experiments) production after chronic allergen exposure compared with allergen-challenged WT control mice. Dbl-GATA deficiency also resulted in decreased pulmonary IL-4 (69%, 59.9 Ϯ 17.2 vs. 15.7 Ϯ 6 pg͞ml, P Ͻ 0.001, representative of two experiments) and IL-13 (30%, 196.8 Ϯ 16.4 vs. 138.4 Ϯ 22.1 pg͞ml, P ϭ 0.009, representative of two experiments). In contrast, pulmonary IL-5 production was not consistently reduced in CCR3 KO or ⌬dbl-GATA mice after chronic allergen exposure compared with WT control mice (data not shown). Next we examined the impact of dbl-GATA and CCR3 deficiency on plasma levels of antigen-specific IgG 1 . We found no decrease in A. fumigatusspecific IgG 1 plasma levels in allergen-challenged ⌬dbl-GATA or CCR3 KO mice compared with controls (data not shown). We also examined the consequences of dbl-GATA deficiency on total IgE production and found no decrease in plasma IgE levels from allergen-challenged ⌬dbl-GATA mice compared with controls (data not shown).
Eosinophils and CCR3 Regulate Allergen-Induced Mucus Production.
Examination of periodic acid͞Schiff (PAS)-positive cells in the bronchial epithelium of eotaxin-1͞2 double knockout mice revealed a significant decrease (53 Ϯ 4%, n ϭ 3 experiments, P Ͻ 0.001) in mucus production in response to allergen challenge compared with WT control mice ( Fig. 2A) . In the CCR3-deficient mice, PAS-positive epithelium was significantly reduced (26 Ϯ 6%, n ϭ 3 experiments, P Ͻ 0.001) after allergen challenge (Fig. 2B) . Notably, a reduction in PAS-positive epithelium was also observed in the ⌬dbl-GATA mice (60 Ϯ 12%, n ϭ 2 experiments with three to five mice per group per experiment) (Fig. 2C ).
Eosinophils and CCR3 Regulate Gene Induction in Allergic Inflammation. We next examined the impact of CCR3 and dbl-GATA deficiency on the induction of the global asthma transcriptome (15) . In our chronic model of experimental asthma, allergen challenge resulted in a 2-fold or more induction of Ϸ1.5% of represented genes (685 of 45,101) on the DNA chip. Clustering of the signal intensities of the individual lung samples in each group revealed a high similarity of transcript expression pattern between allergenchallenged CCR3 KO and ⌬dbl-GATA mice (Fig. 3) . Analysis of the allergen-induced transcripts revealed a subset of 197, or 29% of the chronic asthma transcriptome, that were eosinophil-and CCR3-dependent, because they were induced in the lung after chronic allergen exposure in WT mice, but not in CCR3 KO and͞or ⌬dbl-GATA mice (Table 1) .
Gene ontology analysis of the allergen-induced genes dependent on eosinophils and CCR3 expression revealed that the overexpressed genes were involved in macromolecule metabolism (22%), protein metabolism (19%), response to biotic stimulus (10%), defense response (9%), and response to wounding (5%). Thirty-six percent of the gene products were extracellular molecules, supporting a role for eosinophils in regulating the local microenvironment.
A number of genes not previously associated with eosinophils in vivo were identified, including transcription factors (e.g., Spi-C and Oct-6), channel proteins (e.g., Kcnn4, Aqp9, and Slc15a4), proteases (Ctse), and cytokines (e.g., IL-21 and Pdgfc). Interestingly, three of the eosinophil-and CCR3-dependent genes, ST2, Egr2, and Pirb, have been shown to be involved in down-regulating or inhibiting an immune response (16) (17) (18) .
Eosinophil Deficiency Results in Impaired Induction of Genes Involved
in the Coagulation Cascade. Eosinophil-associated genes included an impressive number of genes involved in the coagulation cascade (PAI-2, F5, F10, and P2X1). As such, we measured a marker of clotting activation, thrombin-anti-thrombin III (TAT) complexes, in the BALF of allergen-challenged WT, CCR3 KO, and ⌬dbl-GATA mice. In response to allergen challenge, BALF TAT complexes significantly increased (18-fold) in WT mice (2.93 Ϯ 1.4 vs. 51.3 Ϯ 7.6 pM, n ϭ 2 experiments with four to seven mice per group per experiment, P Յ 0.0001). CCR3 and dbl-GATA deficiency resulted in a 39% (31.2 Ϯ 7.8 pM, P Յ 0.001) and 46% (27.5 Ϯ 7.2 pM, P Յ 0.0001) reduction in allergen-induced TAT complexes, respectively, compared with WT control mice.
Dbl-GATA Deficiency Results in Increased Expression of Mast Cell-
Related Genes. Dbl-GATA deficiency also resulted in marked gene induction not seen in the WT mice. These dysregulated genes included the mast cell protease carboxypeptidase A3 (Cpa3). Examination of other mast cell-related allergeninduced genes revealed a greater fold increase in ⌬dbl-GATA asthmatic lungs compared with WT for MMCP-1 (16-fold vs. 3-fold) and MMCP-2 (48-fold vs. 17-fold). The increase in MMCP-1 expression was associated with a 4-fold increase and a 2-fold increase in plasma MMCP-1 levels in the allergenchallenged CCR3-deficient and ⌬dbl-GATA mice, respectively, compared with WT controls (120 Ϯ 55 vs. 29 Ϯ 11 pg͞ml, n ϭ 7 mice per group for CCR3 KO, P Յ 0.001; 106.5 Ϯ 28 vs. 50.6 Ϯ 17 pg͞ml, n ϭ 7-8 mice per group for ⌬dbl-GATA, P Յ 0.001).
Discussion
Recent elegant studies using two distinct lines of eosinophildeficient mice highlight an important role for eosinophils with certain hallmark features of asthma, but the results of the two studies were divergent and did not identify the key contributing eosinophil effector functions (5, 6) . In this study we aimed to define the importance of eosinophils and CCR3 and its ligands in several hallmark features of chronic experimental asthma. First, we demonstrate that eosinophil recruitment is primarily dependent on CCR3 and the eotaxins in chronic experimental asthma, despite the expression of numerous other eosinophilactive chemoattractants. Second, we demonstrate a significant regulatory role for eosinophils in Th2 cytokine production with reduced levels of IL-4 and IL-13 measured in allergenchallenged lungs. Third, we demonstrate that reduction in lung eosinophilia and Th2 cytokine production is associated with diminished airway mononuclear cell accumulation and a reduction in PAS staining evident in asthmatic lungs. And, finally, global transcript expression profiling was used to identify eosinophil-associated effector pathways.
In acute OVA models of experimental asthma where sensitized animals are exposed to the antigen OVA over the course of a few days the effects of CCR3 on cell trafficking have been shown to be specific to the eosinophil because no differences in allergeninduced mononuclear or neutrophil accumulation in the lung lumen were observed (12, 13) . In our chronic model of allergic airway disease, we observed impaired allergen-induced recruitment of eosinophils, macrophages, and lymphocytes. Our data showing that murine CCR3 is predominantly expressed by eosinophils are consistent with previous studies (19, 20) . These observations suggest that leukocyte recruitment in chronic allergic inflammation is orchestrated, at least in part, via CCR3 signaling in eosinophils, although we cannot exclude signal transduction events in other cells such as basophils and epithelial cells, because they have been shown to express low levels of CCR3 at least in the human system (21, 22) . Interestingly, only eosinophil trafficking is impaired in the eotaxin-1͞2-deficient mice, suggesting that other CCR3 ligands provide sufficient stimulation to induce the infiltration by other cell types. Although eosinophil recruitment into the lung is profoundly reduced (95%) in the eotaxin-1͞2-deficient mice (and CCR3-deficient mice), it is important to note that the residual perivascular and peribronchial eosinophils may still contribute to disease.
In all three strains of genetically engineered eosinophil impaired mice, we observed a significant decrease in the percentage of PAS ϩ airway epithelial cells in response to chronic allergen exposure. A role for adenosine signaling in regulating mucus production and eosinophil recruitment has been shown, as antagonizing the A 3 adenosine receptor (A3R) prevented airway eosinophilia and mucus production in ADA-deficient mice (23) . Importantly, we iden- Data show fold change in transcript levels in allergen-challenged lungs compared with saline-challenged controls in WT, CCR3 KO, and dbl-Gata mice. -, Transcript levels of the gene are below the level of detection.
tified A3R as an eosinophil-dependent allergen-induced gene (Table 1), supporting an important role for eosinophils and adenosine in allergen-induced PAS ϩ staining of lung epithelial cells. We also found impaired local cytokine accumulation, including IL-13 and IL-4, in lung homogenates of allergen-challenged CCR3-deficient and ⌬dbl-GATA mice. It is important to note that in our model the reduction in global lung IL-4, a cytokine strongly associated with goblet cell hyperplasia, was greater than IL-13. Also, preliminary ex vivo studies in our laboratory demonstrate a marked deficit in antigen-induced IL-4, IL-5, and IL-13 production by splenocytes isolated from allergen-challenged ⌬dbl-GATA mice compared with WT control mice, suggesting a defect in lymphocyte activation (data not shown). This is in agreement with studies demonstrating that a combined deficiency in IL-5 and eotaxin-1 results in a defect in IL-13 production by Th2 lymphocytes (24) . Our in vivo studies demonstrate that release of cytokines and other mediators by eosinophils within the local microenvironment may modulate pulmonary pathology and immune responses where eosinophils have accumulated (e.g., peribronchial regions). Using microarray analysis we identified multiple potential molecules through which eosinophils and CCR3 may regulate local immune responses. For instance, we found a sharp decrease in transcript levels of leukotriene B 4 receptor 1 (BLT1) in allergen-challenged CCR3-and dbl-GATA deficient mice. BLT1 has been shown to be important in early recruitment of effector T lymphocytes, and BLT1 deficiency results in decreased allergen-induced eosinophil recruitment and decreased hyperplasia of goblet cells (25, 26) . In addition, IL-4, Egr-2, and ST2, known to be important regulators of T cell activation (17, 18) , and now identified to be eosinophil-associated, may regulate the Th2 lung response. We also identify the involvement of PAI-2, factor 5, factor 10, and P2X1 receptor in eosinophilassociated allergic inflammation, implicating a role for eosinophils in the regulation of fibrin deposition in the allergic lung. Indeed, PAI-2 and factor 5 have been shown to be expressed by eosinophils in vitro (27, 28) , but their association with eosinophilic lung disease has not been reported. The potential relationship between eosinophils and the coagulation system was further supported by the reduction in an allergen-induced clotting activation marker (TAT) in the BALF from CCR3 KO and ⌬dbl-GATA mice. Our data are in agreement with a previous study demonstrating a significant correlation between sputum concentrations of eosinophilic cationic protein and sputum TAT levels in human asthmatics (29) . This relationship warrants further investigation because disordered coagulation and fibrinolysis, including the accumulation of fibrin and thrombin in the airway, have been associated with AHR (30) .
In our efforts to identify pathways downstream of eosinophils, we also observed an increase in mast cell associated transcripts in the lungs of dbl-GATA deficient mice, but not CCR3 KO mice. Mechanistically, we cannot exclude the influence of alterations in the promoter of GATA-1 on mast cell gene transcription in the ⌬dbl-GATA mice, because GATA-1 has been shown to be important in mast cell differentiation, although mast cell differentiation in the ⌬dbl-GATA mice has been reported to be normal (31, 32) . In our model, the increase in MMCP-1 was confirmed by a 2-fold increase and a 4-fold increase in plasma MMCP-1 levels in the allergen-challenged eosinophil-and CCR3-deficient mice, respectively. Our data are in agreement with a previous report of increased allergen-induced intraepithelial mast cells in the trachea of CCR3 KO mice (12) . Interestingly, we also observed significantly increased plasma MMCP-1 in saline-challenged CCR3 KO and ⌬dbl-GATA mice, compared with WT control mice (data not shown). Our data suggest a role for eosinophils in regulating allergen-induced and baseline mast cell homing and͞or activation.
To define a causative relationship between the recruitment of eosinophils and the onset or progression of pulmonary pathologies associated with allergic asthma, multiple experimental approaches have been used to deplete animals of eosinophils, including manipulation of cytokine (e.g., IL-5 and eotaxins) levels via gene targeting and neutralizing antibodies and depletion of eosinophils using an anti-CCR3 antibody (19, 20, (33) (34) (35) . More recently, Lee et al. (6) targeted the depletion of eosinophils (these mice are designated as PHIL) using an eosinophil-specific promoter to drive expression of a cytocidal protein, diphtheria toxin A. In comparison, Yu et al. (31) developed mice harboring a deletion of a high affinity double palindromic GATA binding site in the GATA-1 promoter (⌬dbl-GATA), which led to the specific ablation of the eosinophil lineage. Interestingly, RT-PCR analysis of gene expression in the bone marrow of the ⌬dbl-GATA mice revealed no expression of eosinophil peroxidase, but expression of major basic protein was reduced and CCR3 expression remained unchanged. In our study we found mature eosinophils (Ϸ1% of that found in WT) in the BALF from ⌬dbl-GATA mice subjected to our experimental chronic asthma protocol. We also found cells, presumably eosinophils, expressing CCR3 and Siglec-F in the BALF from these same mice. We cannot exclude the possibility that the CCR3 ϩ cells identified in the BALF of ⌬dbl-GATA mice may include basophils. The low level of eosinophils in our chronic model of experimental asthma may be due to IL-5-independent events, because these mice have been shown to be devoid of classic eosinophils by IL-5 overexpression (31) . Interestingly, we found increased BAL neutrophils in the ⌬dbl-GATA mice in our chronic model of experimental asthma. Some of these cells had the nuclear morphology of murine eosinophils but did not stain for eosinophilic granules. It is tempting to speculate that these ''neutrophils'' are granule-less eosinophils, but further studies are needed to define this cell population. Regardless of whether these cells may be related to eosinophils in part, our results are consistent with the presence of a profound deficiency of eosinophils in the ⌬dbl-GATA mice. Perhaps residual eosinophil-like cells identified in the ⌬dbl-GATA mice may be partially responsible for the different phenotype compared with PHIL mice (Table 2 ). In our model we identified a defect in Th2 cytokine production locally within the lung that was associated with profound reductions in pulmonary eosinophil recruitment. This defect was also associated with reduced mucus production in the lung and diminished recruitment of mononuclear cells into the airway in response to chronic allergen challenge. Taken together, the emerging role for the eosinophil as a prominent effector cell in multiple parameters of allergic asthma, including airway remodeling, suggests effective depletion of eosinophils from the airways could have useful therapeutic benefit.
Materials and Methods
Mice. BALB͞c and 129SvEv WT mice were obtained from Taconic (Germantown, NY). CCR3 gene-targeted and ⌬dbl-GATA mice ϩ, the genetic manipulation of the mouse resulted in protection from or reduction in severity of the asthma parameter. NE, no effect: no change in the asthma parameter between the genetically modified mouse and WT control mice. ND, not determined: the asthma parameter was not measured.
